Background: Spaceflight alters human cardiovascular dynamics. The less negative slope of the fractal scaling of heart rate variability (HRV) of astronauts exposed long-term to microgravity reflects cardiovascular deconditioning. We here focus on specific frequency regions of HRV. Methods: Ten healthy astronauts (8 men, 49.1 ± 4.2 years) provided five 24-hour electrocardiographic (ECG) records: before launch, 20.8 ± 2.9 (ISS01), 72.5 ± 3.9 (ISS02) and 152.8 ± 16.1 (ISS03) days after launch, and after return to Earth. HRV endpoints, determined from normal-to-normal (NN) intervals in 180-min intervals progressively displaced by 5 min, were compared in space versus Earth. They were fitted with a model including 4 major anticipated components with periods of 24 (circadian), 12 (circasemidian), 8 (circaoctohoran), and 1.5 (Basic Rest-Activity Cycle; BRAC) hours. 
Introduction
In space, microgravity affects the central circulation in humans and induces a number of adaptive changes within the cardiovascular system. Previous investigations showed that the baroreflex sensitivity fluctuates along with altered blood volume distribution [1, 2, 3] , which affects neural mechanisms involved in dynamic cardiovascular coordination. Several reports indicate that heart rate is maintained at preflight values [4, 5, 6] and that parasympathetic activity is reduced [4] in space. Cardiac output and stroke volume are reportedly increased in space as a result of an increase in preload to the heart induced by upper body fluid shift from the lower body segments with no major difference in sympathetic nerve activity [6] . However, high sympathetic nervous activity, measured invasively by microneurography in peroneal nerves, has been simultaneously detected in space space, the circadian rhythm of heart rate had adapted to the new microgravity environment in space [12] , an important observation since disruption of circadian rhythms adversely affects human health [13, 14] . As humans plan for long-term space exploration, it is critical to ascertain that the regulatory system can function well in a microgravity environment.
The power-law fractal scaling of heart rate variability (HRV) relates to the autonomic [15] , endocrine [15] , immune, inflammatiory [16, 17] , mental, cognitive [18] , and behavioral systems, which operate at multiple frequency ranges, from the 1 Hz cardiac cycle to circadian and even secular variations, as part of a broad time structure, the chronome [19] . Herein, we examine how the space environment affects HRV in specific frequency regions, broken down into 8 different frequency ranges. We focus on the basic rest-activity cycle (BRAC), well known since Kleitman [20] , who showed regularly occurring alternations between non-REM and REM (Rapid Eye Movement) sleep. The BRAC is involved in the functioning of the central nervous system and manifests time-dependent changes in human performance, including oral activity cycles (e.g., eating, drinking, smoking).
Methods

Subjects
Ten healthy astronauts (8 men, 2 women) participated in this study. Their mean (± SD) age was 49.1 ± 4.2 years. Their mean stay in space was 171.8 ± 14.4 days.
On the average, astronauts had already experienced spaceflight 0.9 ± 0.7 times and had passed class III physical examinations from the National Aeronautics and Space Administration (NASA). This study obtained consent from all subjects and gained approval from the ethics committee jointly established by the Johnson Space Center and Japan Aerospace Exploration Agency (JAXA). A detailed explanation of the study protocol was given to the subjects before they gave written, informed consent, according to the Declaration of Helsinki Principles. launch, the latter corresponding to 19.1 ± 4.1 days (11 to 27) before return (ISS03).
The last measurement session was performed on days 77.2 ± 14.4 (37 to 127 days) after return to Earth (After flight).
Analysis of heart rate variability and measurement of 1/f fluctuations in HR dynamics
The measurement procedures and data collection were conducted as previously reported [9, 12] . Briefly, for HRV measurements, QRS waveforms were read from continuous electrocardiographic (ECG) records. The RR intervals between normal QRS waveforms were extracted as the normal-to-normal (NN) intervals. The measured NN intervals were A/D converted (125-Hz) with 8-ms time resolution. After the authors confirmed that all artifacts were actually removed and that the data excluded supraventricular or ventricular arrhythmia, frequency-domain measures [15] were obtained with the MemCalc/CHIRAM (Suwa Trust GMS, Tokyo, Japan) software [21] .
Time series of NN intervals covering 5-min intervals were processed consecutively, and the spectral power in different frequency regions was computed, namely in the "high frequency (HF)" (0.15-0.40 Hz; spectral power centered around 3.6 sec), "low frequency (LF)" (0.04-0.15 Hz; spectral power centered around 10.5 sec), and "very low frequency (VLF)" (0.003-0.04 Hz; 25 sec to 5 min) regions of the Maximum Entropy Method (MEM) spectrum. VLF power was further broken down into "VLF band-1" (0.005-0.02 Hz; 50 sec to 3.3 min), "VLF band-2" (0.02-0.03 Hz; 33 to 50 sec) and "VLF band-3" (0.03-0.15 Hz; 6.7 to 33 sec).
Time series of NN intervals were also processed consecutively in 180-min intervals, progressively displaced by 5 min, to estimate the "ultra-low frequency" (ULF) component (0.0001-0.003 Hz; periods of 2.8 hours to 5 min), further broken down into: "ULF band-1" (0.0001-0.0003 Hz; 166.7 to 55.5 min), "ULF band-2" (0.0003-0.001 Hz; 55.5 to 16.6 min), and "ULF band-3" (0.001-0.005 Hz; 16.6 to 3.3 min). Thus, 8 different frequency regions were examined: "HF", "LF", "VLF01", "VLF02", "VLF03", "ULF01", "ULF02", and "ULF03". Results representing each HRV component were averaged over the entire 24-hour.
To evaluate the 1/f
-type scaling in HRV, the log 10 [power] (ordinate) was plotted against log 10 [frequency] (abscissa) and a regression line fitted to estimate the slope β, as reported earlier [9] . Focus was placed on the frequency range of 0.0001-0.01 Hz (periods of 2.8 hours to 1.6 minutes), as previously reported [9] .
Fit of 4-component cosine model
A multiple-component model consisting of cosine curves with anticipated periods of 24, 12, 8 and 1.5 hours was fitted to various HRV endpoints by cosinor [22] to Article No~e00211 assess their time structure and to determine how the latter may have been modified in space. The model includes the usually prominent circadian rhythm (24-hour period) and its first two harmonic terms with periods of 12 (circasemidian) and 8 (circaoctohoran) hours, as well as the BRAC (with a period of about 90-min). Using a (least squares) regression approach, the cosinor does not require the data to be equidistant, and can thus handle missing values in cases when artifacts prevented the computation of HRV endpoints in some of the 5-min or 180-min intervals. Analyses considered primarily the Midline Estimating Statistic Of Rhythm (MESOR, a rhythm-adjusted mean) and the amplitude of each of the 4 components, as a measure of the extent of predictable change within each cycle.
The 4-component model was fitted to 24-hour records of NN intervals, total power (TF), and power in the ULF (separately also in the ULF01, ULF02, and ULF03), VLF, LF, and HF regions of the MEM spectrum.
Inter-individual differences in HRV response to microgravity
Consistent differences in various HRV endpoints were noted in the way astronauts responded to microgravity. Examination of the inter-individual differences prompted the classification of the 10 astronauts into 2 clearly distinct groups. Hence, the influence of the space environment was also assessed separately in each group.
Statistical analyses
Since we previously showed that the fractal scaling of HRV did remain altered in space as compared to Earth during long-term (∼ 6-month) spaceflights, this study specifically examines the behavior of HRV in 8 different frequency regions of the spectrum (ULF01, ULF02, ULF03, VLF01, VLF02, VLF03, LF, and HF), which can be considered to provide independent information. Adjustment for multiple testing thus uses a P-value of 0.05/8 to indicate statistical significance, using Bonferroni's inequality to adjust for multiple testing. The same correction is applied to other HRV endpoints shown for the sake of completeness, noting the high degree of correlation existing among different indices. We test whether HRV endpoints differ between space and Earth while showing no change among the 3 records obtained in space.
In order to do so, estimates of HRV endpoints averaged over 24 hours were expressed as mean ± SD (standard deviation). To minimize inter-individual differences in HR and HRV among the 10 astronauts that may obscure an effect of the space environment, 24-hour mean values of each variable were expressed as a percentage of mean, computed across the 5 sessions (before flight, ISS01, ISS02, ISS03, and after return to Earth) contributed by each astronaut. In this way, astronauts serve as their own longitudinal control. The two-sided paired-t and oneway analysis of variance (ANOVA) for repeated measures were applied on these relative values for the space vs. Earth difference and for comparing the 3 records in space, respectively.
Estimates of the MESOR and of the relative amplitude of each of the 4 anticipated components (with periods of 24, 12, 8, and 1.5 hours, expressed as a percentage of MESOR) of the selected HRV endpoints were considered as imputations for a comparison of HRV endpoints obtained during ISS03 versus before-flight. The statistical significance of change between the two sessions was determined using the 2-tailed paired t test. Inter-group differences were determined using the twotailed Student t-test. P-values less than 0.05, adjusted for multiple testing according to Bonferroni's inequality, were considered to indicate statistical significance. The Stat Flex (Ver. 6) software (Artec Co., Ltd., Osaka, Japan) was used.
Results
3.1. Change in time structure of heart rate variability during long-duration spaceflight Average HRV endpoints during each of the 5 sessions are shown in Table 1A .
Results from a comparison of their relative values between space and Earth and across the 3 sessions on the ISS are summarized in Table 1B . On average, among the 10 astronauts, no differences were found in HR (or NN) or in SDNN, the standard deviation of NN intervals. As reported earlier, the fractal scaling of HRV (slope β) was statistically significantly less steep in space than on Earth, while no changes were observed across the 3 records obtained in space, Tables 1A and 1B. This result may be accounted for by the large space-Earth difference observed in the ULF frequency region of the spectrum, which is statistically significant for ULF02 and ULF03, as well as for ULF01 once it is normalized by the total spectral power (TF). These HRV endpoints did not differ among the 3 sessions recorded on The inter-group difference in response was statistically significant during ISS02 (t = 2.814, p = 0.023) and ISS03 (t = 3.515, p = 0.008), when the average NN intervals of all 7 astronauts of Group 1 was increased (on average by 85.4 ± 59.0 msec, t = 3.825, p = 0.009) and that of all 3 astronauts of Group 2 was decreased (on average by 41.9 ± 23.6 msec, t = 3.072, p = 0.092). Table 2 lists individual results during each of the 5 recordings, illustrating strong inter-individual differences in the HRV response to the space environment.
3.3. Power-law scaling β and ULF component of astronauts whose heart rate decreased in space
As seen for all 10 astronauts, the absolute value of β was also statistically In Group 2, there were no statistically significant differences in any of the HRV endpoints.
3.4. Change in chronome components (notably the basic restactivity cycle) of heart rate variability during long-duration exposure to microgravity in space
Changes during the 6-month spaceflight in the relative amplitudes of the 24-, 12-, 8-, and 1.5-hour components, expressed as a percentage of the MESOR, are shown in Table 3 for NN intervals, β, TF, and the different frequency ranges of the spectrum. On the average, the 90-min amplitude of TF, ULF and ULF01 increased 2-to 3-fold in space in astronauts of Group 1, whereas it decreased in those of Group 2, Table 3 . During ISS03 as compared to preflight, the BRAC amplitude of TF increased from 154.9 ± 105.0 to 532.7 ± 301.3 msec 2 , or from 3.2 to 11.3% of MESOR (n = 7), that of ULF increased from 117.9 ± 57.5 to 442.4 ± 202.9 msec 2 , or from 4.1 to 15.8% of MESOR (n = 7) and that of ULF01 increased from 124.3 ± 82.8 to 427.6 ± 214.8 msec 2 , or from 8.9 to 31.2% of MESOR (n = 7). In astronauts of Group 2, the 90-min amplitude of ULF01 decreased from 801.6 ± 155.6 before flight to 452.0 ± 239.9 during ISS02, or from 30.8 to less than 20% of the MESOR in space (n = 3), Table 3 .
Two examples of the fitted model to the TF data are shown in Fig. 1 , comparing the record during ISS03 (right) with the preflight record (left). In one case (Fig. 1A) , the 90-min amplitude increased from 59.5 to 684.5 msec 2 , with practically no change in the circadian amplitude. In another case (Fig. 1B) , the 90-min amplitude also increased from 71.4 to 754.5 msec 2 , but it was accompanied by an increase in the 24-hour amplitude from 529.8 to 3196.4 msec 2 . 3.5. Implications of heart rate response to space environment for adaptation to microgravity
To better understand the meaning of a difference in HRV response to the space environment, we compared the characteristics of the 4-component model fitted to some HRV endpoints before flight and during ISS03 between Groups 1 and 2.
Before flight, the MESOR of TF, ULF and VLF spectral power was statistically significantly lower, on average, in astronauts Table 4 . These differences became smaller during ISS03, to the point of no longer reaching statistical significance, except for TF and VLF spectral power, Table 4 . In other words, the two groups differed less in space (ISS03) than before flight.
Before flight, the BRAC amplitude was found to be much smaller in Group 1 as compared to Group 2, the difference being statistically significant for all considered HRV endpoints, except for LF, Table 4 (left). During ISS03, the 90-min amplitude increased in Group 1 and mostly decreased in Group 2 (except for LF), so that differences between the two groups were no longer statistically significant after spending several months in space, Tables 1A, 1B and 2, significant results were anticipated to be found in the ULF rather than in other spectral regions. NN: normal-to-normal intervals; β: slope of fractal scaling; TF: total spectral power; ULF, VLF, LF and HF: spectral power in ultra-low, very low, low, and high frequency regions of the spectrum. Non-sinusoidal waveform may occasionally be associated with overfit (A > 100%).
were observed for the 24-hour amplitude, and to a lesser extent [ 7 4 _ T D $ D I F F ] for the 12-hour and 8-hour amplitudes of these HRV endpoints. These results suggest that the HRV of astronauts in Group 2, but not in Group 1, may have been sufficiently large to be exposed to the space environment.
Discussion
Spaceflight dramatically alters cardiovascular dynamics, as illustrated by changes in HRV [12] and a less negative slope β of the fractal scaling [9] confirmed herein.
Kleitman's about 90-min BRAC [20] was found to be amplified about 3-fold in space, [ ( F i g . _ 1 ) T D $ F I G ] (Fig. 1A) , it is also amplified in another case (Fig. 1B) . A fixed model is used, considering only anticipated periodicities. As such, the model is not optimal for any given record, even if on a group basis it conveys the behavior of components that are the most commonly detected in such records. Because it is a fixed model, the residual variance may exhibit lack of fit. Nevertheless, the amplitude of the about 90-min component is increased during ISS03 in astronauts of Group 1, when it resembles that of astronauts of Group 2. Beyond the partly built-in circadian rhythms [23] , there are many other oscillations of different frequencies, including the BRAC, observed in the sleep-wake (REM/ NREM) cycle and also in heart rate variability. Some neuropeptides can have more prominent ultradian (with a frequency higher than one cycle per day; e.g., 8-hour periodicity) than circadian changes [24] . We previously showed that the circadian rhythm persisted in space in HR and β [9, 12] . Herein, we confirm the presence in space of 24-, 12-, and 8-hour components in several HRV endpoints by the fit of a model including 4 anticipated components.
The question may be raised, however, whether different daily routines before and during flight (including higher or lower frequency of physical activities) as well as different sleep [ 7 6 _ T D $ D I F F ] patterns in space may have contributed to the findings [25] . Whereas further work is needed to address this question, it should be noted that the space environment had a different effect on astronauts from the 2 groups.
Amplitudes of all 4 anticipated components were markedly increased in astronauts of Group 1, whereas they were mostly decreased in astronauts of Group 2. It thus seems unlikely that the daily routine on the ISS fully accounts for the results observed in this study.
Unlike short-term (<24 h) analysis of HRV [25, 26, 27] , transient changes of body movement related to the daily routine were not associated with measurements of long HRV signals, including the ULF and VLF components and the slope β.
Aoyagi et al. [10, 11] reported that during both usual daily-routine and constantroutine protocols in healthy men, [ 7 7 reported that the complexity of heartbeat dynamics showed behavioral-independent features during a constant-routine protocol. As reported previously [25, 26, 27] , however, body movement was lower and the HF component of HRV was higher during sleep than during wakefulness. The less negative slope β in space versus Earth was also seen more prominently during the awake span [9] . Future studies are thus needed to examine how different daily routines before and during flight, including different sleep patterns in space, may contribute to our findings herein.
The presence of the BRAC in HRV endpoints observed herein is supported by different studies in a number of physiological systems. Based on 24-hour polygraphic tracings, Othmer E et al. [29] inferred that the so-called sleep-dream cycle of human sleep is a general activity pattern of the brain. Bailey D et al. [30] found regular oscillations with periods of 1-2 hours in their subjects' oxygen consumption. Orr WC et al. [31] noted that their subjects' heart rate showed the same about 90-min periodicity [ 7 9 _ T D $ D I F F ] in performance of a complex vigilance task. Hiatt JF and Kripke DF [32] reported on 90-to 120-min ultradian rhythms in gastric motility. Lavie P and Kripke DF [33] discerned a cycle of 80-133 min in urine flow of awake subjects. The rhythm in urine flow was, however, clearly out of phase with those of electrolyte concentrations and osmolarity. Lavie P and Scherson A [34] observed rhythmic variations in subjects' ability to fall asleep throughout the day. Conversely, an expected variation in vigilance was reported by Okawa M et al., [35] ; the ultradian rhythms in vigilance had periods of 90-120 min.
The BRAC may play an important and unique role in keeping the quality of life in space independently of or in conjunction with the circadian rhythm. It is involved in the functioning of the central nervous system which integrates many somatic, visceral, and neurobehavioral functions and manifests itself in the alternation of non-REM and REM sleep. Ultradians may be the basic signature of life [36] .
Effects of space weather are enormous, which have acted as selective forces in humans on Earth and shaped human life as we know it today. Using 61 worldwide populations, Hancock AM et al. [37] elucidated the genetic basis for adaptation to the climate-mediated selection in a scan of the human genome. They identified genes that are key to the differentiation of brown adipocytes, and genes whose regulation makes a difference in response to ultraviolet radiation [37] . Among the circadian clock components, cryptochrome may have played a pivotal role in evolution because it coordinates light-induced effects and protects from hazards of ultraviolet radiation [38] . Brown adipocytes and their cryptochromes may not only be relevant to survival and adaptation, but they may also be targeted by natural selection [39] . Circadian clocks in brown adipocytes are relevant to mammalian adaptation and the cryptochromes in particular are of key importance because of their evolutionary roots of circadian clocks.
Brown adipose tissue expressing BRAC may be an active pacemaker tissue, participating in the arrangement of ultradian [40] to infradian [41] oscillations.
Circadian clocks may thus be built on properties generating metabolic oscillations in the ultradian range [38] . Brown adipose tissue may be a site of interaction between metabolic and circadian systems. A non-transcriptional pathway for the metabolic cycle engages the circadian clock, thereby enhancing clock performance [42] . As cryptochromes are key components of the core of the transcriptiontranslation feedback loops on which circadian clocks are built, the question may thus be raised whether the amplification of the BRAC in space observed herein is a sign of early adaptation to microgravity.
Conclusion
Whether the increase in space of the BRAC amplitude is a sign that the intrinsic autonomic regulatory system may start to adapt requires further investigation, as β remains disturbed throughout the 6-month spaceflight. Whether some features of the HRV may indicate suitability for space travel also deserves further work as the Article No~e00211
BRAC amplification in space was only observed in some but not all astronauts.
Most HRV changes observed in space relate to a frequency window centered around one cycle in about 90 min, although astronauts follow regular 24-hour restactivity and feeding schedules on the ISS. Since the BRAC component is amplified in space for only specific HRV endpoints, it is likely to represent a physiologic response rather than an artifact from the ISS orbit. If so, it may offer a way to help adaptation to microgravity during long-duration spaceflight.
Declarations
Author contribution statement
